INTRODUCTION
Bone defects in the head and face due to congenital abnormalities, trauma, or cancer surgery are associated with major functional, sociological, and psychological problems. Defects in the complex structures of the head and face are difficult to restore with aesthetic and functional accuracy. Bone autografts are the gold standard for craniofacial reconstruction, owing to their osteoinductive, osteoconductive, and immunocompatible properties (1, 2) . However, autografts are limited in volume, associated with donor site morbidity, and are difficult to carve into precise anatomical shapes. Ideally, the craniofacial bones should be reconstructed to the original anatomy and using the patient's own cells.
Stem cell and tissue engineering approaches have made major strides toward growing biological substitutes that mimic the properties of native tissues. Clinically available bone grafts, either biological or synthetic, fall short of providing the fidelity of bone autografts, necessitating the development of new treatment modalities. Bone tissues grown from culture-expanded stem/progenitor cells isolated from bone marrow or adipose tissue aspirates are now at the forefront of regenerative medicine (3) (4) (5) . Enhanced bone regeneration by transplantation of various types of stem cells has been demonstrated in small-animal models (6, 7) . Other meritorious studies developed clinically sized anatomical scaffolds for bone reconstruction by growth factor delivery (8) . Early on, imaging data were used in a single patient to create a titanium mesh that was filled with bone mineral, bone morphogenetic protein (BMP), and the patient's bone marrow; left for 7 months under a dorsal muscle to vascularize; and used to fit a mandible defect (9) . Scaffolds with stem cells and growth factors were studied in largeanimal models, with growth factors alone or in combination with cells generally giving better outcomes (10) (11) (12) (13) .
However, translational studies in large animals of autologous bone engineered in vitro to precisely match the desired anatomy have not been conducted. The complexities associated with growing clinically sized, living bone grafts have been recognized (14, 15) . We previously developed an anatomically correct scaffold-bioreactor system for bone tissue engineering using osteogenically differentiated mesenchymal stem cells (MSCs) (16) . Additive manufacturing of tissue constructs has also been implemented in the repair of long bones (17) . Our method is distinctly different as it engineers in vitro geometrically complex bones using autologous stem cells, anatomically shaped bone scaffolds, and a geometrically matched bioreactor chamber.
Here, we move engineered bone tissues closer to humans by creating personalized scaffolds to heal critical-sized, load-bearing maxillofacial bone defects in skeletally mature large animals, the Yucatán minipigs. The investigational approach was designed to provide clinical adequacy for repairing the ramus-condyle unit (RCU). We used decellularized bovine trabecular bone as a scaffolding material, because it is clinically approved for bone grafting (Cancello-Pure and CopiOs bone wedges), and crafted it into an anatomically correct shape to perfectly fit the defect by using image-guided micromilling. Autologous adipose-derived stromal/stem cells (ASCs) were the cells of choice due to their high availability and easy harvest when compared to bone marrow-derived cells (MSCs), along with osteogenic capacity (5, 18) . The term "autologous" in this study refers to the use of cellular material prepared from a fat aspirate of the recipient animal and seeded into a cell-free bone matrix.
In addition to demonstrating feasibility and efficacy of bone repair, we recapitulated the logistics of the envisioned clinical application, where the patient and the manufacturing site are at remote locations, requiring shipping of both adipose tissues for cell isolation and bone grafts for implantation. The perfusion bioreactor was designed to allow the growth and transport of bone grafts in a single step while maintaining sterility and viability. Thus, from start to finish, the study demonstrated utility and translation of personalized tissue-engineered bone grafts for facial reconstruction.
RESULTS
Bioreactor design for engineering anatomically shaped living bone implants Our overarching objective was to grow bone grafts with the precise anatomical structure to repair a large defect in the jaw, without using BMPs or other growth factors; instead, we used only native bone matrix to induce osteogenic differentiation of ASCs through its composition, architecture, and mechanical properties (7, 19, 20) . We reconstructed the most eminent weight-bearing facial bone, the RCU, in Yucatán minipigs because of similarities in the jaw anatomy, mechanics, and bone remodeling to those in humans.
We obtained the bone matrix by removing all cellular material from the native trabecular bone of bovine distal femur, and then fabricated the bone matrix into an exact anatomic replica of the native tissue structure (Fig. 1A) . To this end, we used computer-aided micromilling fabrication methods that were guided by three-dimensional (3D) reconstructions of computed tomography (CT) images of each pig's jaw. Autologous porcine ASCs (pASCs) were then cultured for 3 weeks in anatomically shaped scaffolds customized to each animal in perfusion bioreactors (movie S1).
To maintain cell viability within these complex anatomical scaffolds, we devised an advanced bioreactor system that provided environmental Fig. 1 . Fabrication of engineered bone grafts. (A) Personalized bone tissue engineering process. Autologous MSCs (from fat aspirates) and CT images were obtained for each animal subject. The anatomical scaffold was fabricated from the bovine stifle bone that had been processed to remove any cellular material while preserving the tissue matrix. The cells were seeded into the scaffold and cultured in the specially designed perfusion bioreactor. After 3 weeks, the engineered RCU was implanted back into the pig for 6 months. (B) The bioreactor culture chamber consisted of five components designed to provide tightly controlled perfusion through the anatomical scaffold: anatomical inner chamber with bone scaffold, two halves of the polydimethylsiloxane (PDMS) (elastomer) block with incorporated channels, two manifolds, and an outer casing. The PDMS block was designed as an impression of the anatomical RCU structure and contained flow channels at both sides for the flow of culture medium in and out of the scaffold. The flow rate necessary for providing nutrient supply and hydrodynamic shear was defined by the design of parallel channels in the elastomer block (with the channel diameters and distribution dictated by the geometry of the graft) and the fluid-routing manifold. The channel diameters and spacing were specifically designed by flow simulation software for each pig to provide a desired interstitial flow velocity for a given shape and size of the anatomical RCU. (C) Flow simulation of the medium flow through the anatomically shaped scaffold reveals uniform flow velocity throughout the volume of the graft.
control and the exchange of nutrients, oxygen, and metabolites. The anatomical scaffold was placed into the matching void between two elastomer blocks containing arrays of channels designed on the basis of the transport analysis. The elastomer blocks and the fluid-routing manifolds were aligned and tightened by the polycarbonate case to create a watertight seal (Fig. 1B) . The perfusion system distributed culture medium throughout the~12-ml volume construct by regulating the fluid flow path resistance. Fluid distribution into the channels was directed by a fluid-routing manifold via a peristaltic pump, with one inlet and one outlet per bioreactor. Gas exchange occurred within the medium reservoir to maintain oxygen and pH. The medium flow velocity at any specific location within the cultured graft was controlled by the size of the channels that directed the fluid into and out of the anatomical chamber (Fig. 1C) . For each animal, the channel sizes (0.82 to 2.41 mm) and channel locations were determined using computational flow simulation. The interstitial flow velocity of culture medium was maintained within the cultured grafts between 400 and 1000 mm/s (Fig. 1C) on the basis of a previously determined optimum flow rate that did not limit oxygen transport to the cells (21) .
Osteogenic differentiation of adipose stem cells and deposition of bone matrix After 3 weeks of osteogenic differentiation in 2D culture, ASCs from subcutaneous porcine adipose tissue exhibited bone cell properties, including the deposition of alkaline phosphatase (ALP) and mineralized matrix (Fig. 2, A and B) . After 3 weeks of osteogenic culture in the 3D scaffolds, the cellularity of the grafts increased 7.5-fold relative to day 3 (Fig. 2C) . Differentiated ASCs in the engineered bone grafts at week 3 Data are the fold difference (means ± SD) of gene expression normalized to the housekeeping gene (Gapdh) and then to the corresponding day 3 data (n = 7). P values were determined by t test with H 0 = 1. (E) H&E staining and immunohistochemistry (type I collagen and BSP) of engineered bone grafts after seeding (3 days) and before implantation (3 weeks). Cells attached to the scaffold (black arrowheads), proliferated, filled the pore spaces, and deposited bone proteins (white arrowheads). The decellularized trabecular scaffold (S) was maintained throughout the cultivation period. Scale bars, 250 mm.
expressed osteoblastic transcription factors, such as core-binding factor a1 (Cbfa1, also known as Runx2) and Osterix; osteogenic matrix proteins Alp, type I collagen (Col1a1), bone sialoprotein (Bsp), and osteonectin (ON); and osteogenic-related growth factors such as Bmp2 and transforming growth factor-b2 (Tgfb2), normalized to internal Gapdh control and compared with day 3 (Fig. 2D) . The ASCs attached to the bone scaffold surfaces, proliferated over 3 weeks of cultivation, and filled the pore spaces (Fig. 2E) . The cells and the new osteogenic extracellular matrix (ECM) rich in type I collagen and BSP were present throughout the graft interiors (Fig. 2E) .
During graft transport to the site of implantation, the perfusion was discontinued for up to 10 hours. Finite element analysis of O 2 transport and consumption within 3D-engineered bone grafts demonstrated that the minimal O 2 concentration at 10 hours was ≥0.14 mol/m 3 (movie S2), a value well above the depletion rate for cell survival. To test for the effects of reduced oxygen supply on cell viability, we conducted experiments with native osteochondral explants of a comparable thickness and showed that the cell viability did not change over a longer period of time (96 hours). The average percentage of live cells (±SD) determined by a live-dead assay was 85 ± 12 for the freshly sectioned samples and 83 ± 6 after 96 hours of culture without medium perfusion. Consistently, the graft cellularity posttransport was not significantly different from the pretransportation values (Fig. 2C) .
Pig RCU reconstruction model and bone regeneration
Fourteen skeletally mature Yucatán minipigs (>2 years old) were chosen as study subjects. The left RCU was excised (3 cm wide along the dorsal plane by 6 cm long along the transverse plane), with the right RCU left intact. The defects were fitted with a tissue-engineered bone graft or with a cell-free bone scaffold, or left untreated (condylectomy, to control for spontaneous regeneration). The animals were not immobilized to maintain native loading environment. There were no complications throughout the 6-month study. Animals receiving acellular scaffolds and tissue-engineered bone were sacrificed at 3 months (n = 2 each) or 6 months (n = 4 each). Condylectomy subjects were sacrificed at 6 months (n = 2). The left temporomandibular joint (TMJ) capsule was excised with the base of the ramus and temporal bone intact. Engineered grafts had the exact anatomical shape of the native RCU extracted at the time of surgery ( fig. S1 ).
Bone regeneration and condyle height. CT images of the porcine skulls were acquired immediately after surgery and at 6 weeks, 3 months, and 6 months after implantation ( Fig. 3A and fig. S2 ). The bone volume (Fig. 3B ) and the bone volume fraction (Fig. 3C ) in the tissue-engineered bone groups were significantly higher than in the acellular scaffold and condylectomy groups at all time points. The greater amount of bone formed in the engineered grafts resulted in a more complete regeneration of the original joint anatomy, as indicated by the final heights of the new condyles (Fig. 3D ). The extracted RCU was about 60% of the original height in all groups. After condylectomy, the condyle height reached about 80% of the structure height. Because the geometry and anatomical features of bone grafts matched the native RCU, the condyle height after implantation was equivalent to the physiologic height. Although the condyle height in the acellular scaffold group decreased over time, the condyle height in the engineered bone graft was maintained throughout the study (Fig. 3D) .
Ramus regeneration. Regeneration of the ramus bone was initiated from the native bone and progressed toward the grafting region ( Fig. 4A and fig. S2 ). Time lapse of CT images of the individual subjects revealed infiltration from the native bone at the rostral end and ossification at the caudal end of the ramus ( Fig. 4A and fig.  S2 ). Condylectomy resulted in incomplete ramus regeneration, with a large hollow area within the ramus observed by CT at 6 months after surgery ( fig. S2 ). Histological analysis of the condylectomy control group revealed that the region lacking mineralized matrix was filled with soft fibrous tissue ( Fig. 4B and fig. S3 ). The native and new bone could be distinguished by the presence of osteocytes that could only be observed in the newly formed bone.
In contrast to large amounts of acellular scaffold resorption as early as 3 months after implantation ( fig. S4 ), tissue-engineered bone grafts were gradually and orderly replaced by new bone, resulting in regeneration of the original tissues ( fig. S5 ). Portions of both the implanted acellular scaffold and engineered bone were still present at 6 months after implantation ( Fig. 4B and figs. S3 to S5 and S7 to S9), indicative of ongoing remodeling, with remarkable differences in the composition, structure, and bone formation between the two groups.
Condyle regeneration. Regeneration of the condyle could be seen in all groups at 6 months after surgery ( Fig. 4C and fig. S6 ). Longitudinal CT images of the individual subjects over 6 months revealed the patterns of condyle formation and ramus regeneration ( fig. S6 ). In the condylectomy group, ossification occurred in the condyle region and grew in size over time, forming a condyle structure supported by a narrow ramus at the rostral and caudal ends (Fig. 4C) . At 6 months, the condylar cartilage had not yet regenerated, resulting in underdeveloped condylar surfaces (Fig. 4D and fig. S7 ).
Acellular scaffold implantation resulted in new tissue at the articular surfaces of the graft material. By 3 months, the new bone formed at the articular region with only minimal formation of the condylar cartilage (Fig. 4 , C and D, and figs. S6 and S8). By 6 months, the ossification progressed and the articular cartilage formed at the condylar surfaces (Fig. 4D and figs. S6 and S8). Only small amounts of the original scaffold material were present within the newly formed condyle. By contrast, reconstruction with tissue-engineered bone resulted in the most complete condyle regeneration (Fig. 4 , C and D, and figs. S6 and S9). New bone regenerated at the rostral side and from the caudal end into the tissue-engineered bone graft. Sites of endochondral ossification could be observed at the condylar surfaces, within the implanted tissue-engineered bone grafts (Fig. 4 and fig.  S10 ). After 6 months, the engineered bone graft was mostly replaced by the newly regenerated condyle containing a continuous layer of condylar cartilage (Fig. 4D and figs. S6 and S9 ). The presence of portions of the implanted tissue-engineered bone indicated continued regeneration and remodeling.
Graft-host integration
The structural integration of the implanted graft with native bone was investigated using high-resolution mCT and histological analysis. Paired histological (Movat's pentachrome stain) and mCT image analysis distinguished the implanted scaffold material (both acellular and cell-laden) from the native bone (Fig. 5A) . Among the three experimental groups, the tissue-engineered grafts most strongly enhanced the graft-host bone integration. 3D reconstruction of engineered graft-host interface displayed the progression of structural integration between the new bone and the host bone at 3 months. Integration was confirmed by histology showing new bone penetrating into the graft (Fig. 5A ). Higher-magnification histology revealed the proximity of the new bone and the resorbing scaffold, as well as the presence of osteoclastic processes involved in the remodeling and replacement of the graft material with the new bone. By 6 months, a large portion of the tissue-engineered bone graft was replaced by new bone (Figs. 4, B and D, and 5A). In contrast, the implanted acellular scaffolds resulted in disconnected mineral structures with soft fibrous tissue formed between the host and the graft.
The mechanical integrity of regenerated bone was analyzed by three-point bending ( fig. S11 ) to determine structural stability of regenerating bone. The peak and equilibrium flexural moduli of the whole ramus were significantly higher for the tissue-engineered bone group than the acellular scaffold group at both 3-and 6-month time points but were still twofold lower than the corresponding values in native bone (Fig. 5, B and C) . However, the peak force during bending of the ramus after engineered bone implantation was similar to that of the native bone, indicating that the whole ramus tissue can withstand the same amount of flexural load as the native bone (Fig. 5C) .
The mechanism of graft-host integration was investigated by evaluating the amounts and distributions of type I collagen and BSP. Preosteoblastic cells secreted rich ECM that underwent mineralization to form new bone containing osteocytes in the ramus region (Fig. 6) . The new bone matrix was rich in type I collagen and BSP and ossified (Fig. 6) . The cellularized region of this bone-like matrix was present before implantation (Fig. 2C) and maintained throughout the implantation study, suggesting that the osteogenically induced ASCs facilitated new bone formation and enhanced graft-host bone integration.
Scaffold structure, graft resorption, and vascular infiltration Quantitative analysis of tissue microstructure was used to investigate the effects of stem cell incorporation on graft structure, resorption, and vascular infiltration. Large portions of the original graft material were still present 3 months after implantation (Fig. 7A) , with the largest amount of the original scaffold material present in the tissueengineered bone graft, as determined by quantitative image analysis (Fig. 7, A and B) , presumably because of lower rate of resorption (Fig.  7C) . In contrast, the acellular scaffold underwent massive resorption in vivo with small dense macrophage-like cells infiltrating the grafts and amorphous areas consistent with tissue necrosis (Fig. 7A) . . Data are individual animals with means ± SD (n = 6). ***P < 0.001; **P < 0.01; *P < 0.05, two-way ANOVA and Bonferroni post hoc tests.
Notably, the tissue-engineered grafts vascularized, and the newly formed vasculature was continuous with the host circulation, as evidenced by the presence of blood cells inside lumen structures in Movat's pentachrome stains (Fig. 7A) . Staining with hematoxylin and eosin (H&E) showed the formation of new vasculature, and the Prussian blue stain confirmed the presence of hemoglobin (iron) in the cells found within the new blood vessels (Fig. 7D) . The endothelial lining of the new blood vessels was confirmed by CD31 staining. Vasculature was also present in the acellular scaffold implantation, but to a markedly lower extent than in the tissue-engineered bone grafts (Fig. 7, A and E) . The vascularization was detected throughout the tissue-engineered bone grafts (Fig. 4, B and D, and fig. S9 ), indicating that the formation of new bone and vascular perfusion occurred in parallel.
DISCUSSION
We developed a translational approach for growing anatomically correct bone grafts from ASCs and demonstrated its utility for reconstruction of the entire facial bone in a skeletally mature large animal. Cells were infused into an anatomically shaped decellularized bone scaffold and cultured in a matching bioreactor chamber with interstitial flow of culture medium to engineer customized bone grafts. For each animal, the scaffold and the bioreactor were designed by image-guided fabrication. Over 6 months after implantation, the engineered grafts reestablished the original RCU, integrated with the host bone, and formed bone-like tissue that was extensively vascularized, in contrast to both groups of control animals. This study shows successful tissue-engineered reconstruction of large, anatomically precise, load-bearing craniofacial defect.
Previously, the utility of osteogenic stem cells has been studied in small-animal models for craniofacial bone reconstruction (7, 8) and in sheep for regeneration of long bones by using MSCs seeded into scaffolds containing BMP-2 protein (10). We investigated regeneration of flat bones in the skull that involves intramembranous ossification preceded by callus formation (22, 23) . Our system did not require addition of BMP-2, as the scaffold alone had strong osteogenic properties.
For clinical impact, we created anatomically precise complex bone grafts using decellularized bone scaffolds and autologous MSCs and demonstrated their utility for reconstructing load-bearing maxillofacial bone defects in a large-animal model. RCU, the most eminent load-bearing joint of the skull, served as a rigorous model for assessing tissue-engineered bone incorporation in skeletally mature minipigs. To mimic the envisioned logistics of the commercial process, the grafts were grown and implanted at two locations that were more than 1200 miles apart. For each animal, the CT images and adipose tissues were shipped to the processing laboratory. Cell preparation and assurance of quality followed good manufacturing guidelines (24) (25) (26) so that the process can be readily adapted to the regulatory requirements. The bioreactor provided graft cultivation and transport to the implantation site in a closed system and with the preservation of cell viability. Grafts were implanted by an expert maxillofacial surgeon by following standard clinical protocols and using standard plates and screws for fixation. Fig. 5 . Graft-host bone integration. (A) mCT 3D reconstruction of the graft-host interface and Movat's pentachrome staining were used to assess integration of the implanted graft with the host bone. For acellular grafts, the mineralized host bone (hb) and the graft structures (g) were separated by soft fibrous tissue (f). In contrast, host bone extended into the tissueengineered bone graft. In the proximity of the new bone, osteoclastic resorption (white arrowheads) was detected on the implanted scaffold with the lining of osteoblasts (black arrowheads), indicating active ossification. Scale bars, 1 mm (4×) and 100 mm (40×). (B and C) Three-point bending mechanical test for peak and equilibrium flexural moduli (B) and the peak and equilibrium forces (C). Data are means ± SD (n = 4 from two animals for condylectomy; n = 4 from two animals for 3-month data; n = 8 from four animals for 6-month data). ***P < 0.001; **P < 0.01; *P < 0.05, two-way ANOVA and Bonferroni post hoc tests.
The study had two controls: condylectomy to account for any spontaneous healing and biomaterial scaffold to account for the role of cells in inducing tissue regeneration. As in previous studies in large animals (27, 28) , condylectomy resulted in minimal bone regeneration. The implanted acellular scaffolds resulted in formation of fibrous tissue, apparently due to insufficient capacity for replacing the degrading scaffold by new bone tissue. Only the tissue-engineered bone grafts enhanced condyle regeneration to the original height at both 3 and 6 months while maintaining mechanical integrity of the ramus. The condylar cartilage formed at the articular surface and the subchondral bone replaced the implanted bone graft, resulting in high fidelity of the regenerated condylar surface. Unlike acellular scaffolds, the scaffold material in tissue-engineered bone grafts was degraded slowly and replaced by new bone. Fast resorption of acellular scaffolds caused inflammatory responses and soft tissue infiltration that persisted through 6 months of implantation. These properties of acellular scaffolds have led to granulation and fibrosis at the graft-host interface, precluding graft incorporation (29) . In contrast, engineered bone grafts enhanced bone ingrowth, provided mechanical stability for mastication, and accelerated graft turnover and new bone formation. These properties are important for clinical translation as the success in clinical bone grafting depends on graft resorption, bone incorporation, and mechanical stability. Clearly, graft resorption needs to be balanced with the deposition and remodeling of the new bone for adequate craniofacial reconstruction (30) . We believe that slower bulk resorption and the presence of osteoclasts in tissue-engineered bone supported favorable remodeling into native-like bone.
Similar to previous studies that used perfusion bioreactors for bone tissue engineering (16, 21, 31) , the grafts contained large numbers of cells (≥6 × 10 8 cells) expressing osteogenic markers CBFA1 and Osterix (32, 33) with dense bone ECM filling the scaffold pores. The differentiating ASCs expressed high levels of bone-related genes and proteins, such as ALP, type I collagen, BSP, and osteonectin. Notably, BMP-2 [commonly added to support bone culture and repair (34) ] and transforming growth factor-b2 (35, 36) were also highly expressed in engineered grafts at 3 and 6 months after implantation. Consistent with previously shown immunoprotective and anti-inflammatory properties of MSCs, including ASCs (37-40), tissue-engineered bone grafts did not express proinflammatory genes.
Vascularization of implanted tissues has been a major challenge, as inadequate nutrient transport leads to necrosis (41) . Culture-expanded stromal/stem cells have been shown to promote endothelial migration and induced angiogenesis both in vitro and in vivo (42) (43) (44) . Here, vascularization was associated with the formation of new bone in the regenerating RCU and detected deep inside the graft, as in autologous trabecular bone implants, where bone was vascularized rapidly through the marrow spaces (2). These regenerative features were not seen in acellular scaffolds, suggesting that the autologous ASCs exhibited osteoconductive and osteoinductive properties as reported for autologous trabecular bone implants (2) . Nevertheless, the comparison between engineered bone grafts and tissue autografts needs a more detailed evaluation of the integrative repair at the graft-host interface and vascular perfusion.
We demonstrated that bone grafts engineered to the exact anatomical shape using decellularized bone scaffolds and autologous ASCs regenerated the entire RCU in a pig model. However, our study also has limitations. We did not determine whether enhanced bone formation was a direct effect of implanted cells or a result of secondary factors, such as immune modulation, proangiogenic signaling, and/or release of chemotactic or homing signals. Cell lineage tracking will be required to discern possible mechanisms. It will also be of interest to compare ASCs to alternative sources of autogenous cell populations and to determine effects of cell concentration and the duration of bioreactor culture on integrative repair. Last, translation of tissue-engineered grafts into clinical use will require characterization of ASCs from diverse donor populations to ensure quality control and safety. 
MATERIALS AND METHODS

Study design
The objective of our study was to engineer anatomically correct living craniofacial bones by using ASCs without BMPs, native bone matrix, a perfusion bioreactor, and image-guided fabrication methods. Our prespecified hypothesis was that the immature bone formed in vitro will serve as a template for bone development and remodeling and its functional integration with adjacent host tissues. The research was conducted using skeletally mature Yucatán minipigs [21 to 32 months old; 48 to 73 kg (60.0 ± 7.9 kg)]. Sample size was determined using power analysis (b = 0.1 and a = 0.05) with m A and m B of 0.4 and 0.6, respectively, and SD of 0.1 based on estimated bone volume fraction. The resulting sample size was 6.
Anatomically correct engineered bone grafts were investigated for their capacity to regenerate the entire RCU during a 6-month period of implantation in Yucatán minipigs. Two control groups were studied: condylectomy to assess any spontaneous regeneration of the bone and acellular, anatomically shaped scaffolds to assess the role of exogenous cells in tissue regeneration. Tissue outcomes were evaluated by using CT and mCT imaging, gene expression, protein contents, histology, immunostains, and biomechanical testing. Selection of animals for the main experimental group and the two control groups was randomized. In the main experimental group, the cells were autologous and therefore derived from each animal. Also, the scaffold and bioreactor chamber were specifically made for each animal to fit the defect geometry by image-guided fabrication. The acellular scaffold group also required the image-guided preparation of a specific scaffold for each animal. The implantations could not be blinded because of the different appearance of the engineered bone (tissue-like) and acellular scaffold (biomaterial-like). Nevertheless, all analytical assessments were blinded to the maximum practical extent, and most of them were done by an independent expert (such as mCT, CT, histology, and mechanical testing) to eliminate any bias.
Stromal/stem cell preparation Subcutaneous fat (about 20 g) was harvested from the dorsal lumbar region of each animal (n = 7) at the same time as the initial CT procedure and the adipose-derived stem cells were isolated as previously described (25) . The flasks containing passage 0 (P0) ASCs were completely filled with culture medium and shipped on ice to Columbia University for processing. The pASCs were expanded in Dulbecco's modified Eagle's medium (DMEM), 10% fetal bovine serum (FBS), 1% penicillin/streptomycin, and fibroblast growth factor (0.1 ng/ml), and passaged by trypsinization up to P3.
Scaffold fabrication
The scaffolds were made from native bovine bone after removing all cellular material to leave behind the ECM with largely preserved composition, architecture, and mechanical properties. The decellularization method has been demonstrated to remove all cellular material from the bone (45) . Large cancellous bone blocks were created from the distal aspect of adult bovine femurs (>2 years old) after removing the epiphysis, articular surface, and periosteum with an electrical band saw. The blocks were lathed into cylinder blocks that are 4.5 cm in diameter and 12 cm long. To fabricate an anatomical TMJ ramuscondyle cancellous bone block, G-code was generated from the Initial Graphics Exchange Specifications (.iges) files of the CT images for each pig using the Mastercam software. Using a four-axis computer numerical control milling machine (LittleMachineShop), the cylindrical bone blocks were milled into the custom geometry of the RCU for each pig. The anatomical scaffolds were decellularized by using a modification of a known protocol (16) and are described in Supplementary Methods.
Perfusion bioreactor design and operation
The perfusion bioreactor used in this study was developed starting from our previous bioreactor system that was used to generate anatomical pieces of tissue-engineered bone with high cell density (16) and is described in Supplementary Methods.
Cultivation of bone grafts
The anatomically shaped scaffolds were seeded and cultured using perfusion bioreactors with anatomical chambers fabricated to exactly match the geometry of each scaffold, as described above. For scaffold seeding, the scaffold volumes were determined by the SolidWorks software and were in the range of 11 to 15 cm 3 . A suspension of P3 pASCs (12 ml; 10 7 cells/cm 3 in expansion medium) was injected into the culture chamber throughout the anatomical scaffold. After allowing the cells to attach for 3 hours at 37°C in an incubator, osteogenic media [low-glucose DMEM supplemented with 10% FBS, 1% antibiotics, 10 mM sodium b-glycerophosphate, 100 nM dexamethasone, and ascorbic acid 2-phosphate (50 mg/ml)] were perfused through the scaffold for 3 days at 10% of the calculated optimal flow rate to promote spatially uniform cell attachment throughout the scaffold volume.
For cultivation of bone grafts, the seeded scaffolds were perfused with osteogenic medium for 3 weeks at the set optimal flow rate, with medium changes twice per week. The 3-week cultivation period was selected on the basis of the finding that ASCs highly express osteogenic markers after 3 weeks of in vitro differentiation ( fig. S2 ). Four engineered constructs were generated for each animal: one for implantation and three for evaluation, after 3 days and 3 weeks of cultivation and after transport from New York, NY, to Baton Rouge, LA, where the grafts were implanted. Transport of the bone grafts is described in Supplementary Methods.
Animal implantation study
The animal implantation study was conducted at the Louisiana State University under an approved Institutional Animal Care and Use Committee protocol. A total of 14 skeletally mature Yucatán minipigs were divided into three groups: (i) condylectomy (n = 2), (ii) acellular scaffold implantation (n = 6), and (iii) autologous engineered bone implantation (n = 6). Two surgeries were performed per day over a period of 2 months. Two pigs per group receiving acellular scaffold or autologous tissue-engineered bone graft were sacrificed at 3 months after implantation. The remaining animals were sacrificed at 6 months. CT imaging was performed immediately and at 6 weeks, 3 months, and 6 months after surgery. End point analyses included mechanical testing and histological and immunohistological evaluation.
All pigs underwent clinical CT scan (GE LightSpeed 16; 120 kilovolt peaks, 625-mm resolution) 2 to 3 months before surgery. For each animal, the facial skull structures were reconstructed from CT images using the Mimics software. From the reconstructed 3D images, we selected the left TMJ RCU measuring 3 cm along the dorsal plane by 6 cm along the transverse plane as the region for defect creation and reconstruction. For all animals except the condylectomy controls, the 3D structure data were sent to the laboratory at Columbia University and the defect/grafting region was selected in Mimics software.
The animal implantation process and the selection of fixative method were chosen by an expert maxillofacial surgeon to closely mimic the current clinical procedure. The implantation procedure occurred after 12 hours of food withdrawal. The pigs were administered intramuscularly with ketamine (10 mg/kg; Vedco Inc.), midazolam (0.2 mg/kg; Hospira Inc.), and dexmedetomidine (2 mg/kg; Pfizer Animal Health). Anesthesia was induced 15 min later with 5% isoflurane in 100% oxygen at flow (1.5 liters/min) via facial mask. The animals were intubated with a cuffed Murphy's endotracheal tube (7 to 9 mm internal diameter), and anesthesia was maintained at a vaporizer setting of 1.5% isoflurane in a circular breathing system. The pigs were then prepped and draped in a standard sterile fashion. We used a retromandibular approach with 15 blades to make a 5-cm skin incision. We then used electrocautery to dissect through the subcutaneous and superficial cervical fascial layers. Blunt dissection was carried to the angle and inferior border of the mandible, where the periosteum was approached. The facial vessels were identified and ligated. The periosteum was incised with electrocautery, and subperiosteal dissection exposed the medial and lateral mandible from the antegonial notch to the head of the condyle. Preplanned cuts were measured and marked, and condylectomies were performed with a reciprocating saw under copious sterile saline irrigation. The RCU was then removed and the pig was treated with either no replacement (condylectomy) or replacement with an acellular scaffold or a tissueengineered bone graft. Two eight-hole miniplates with 1.7-mm bone screws (Stryker) were used to provide rigid fixation of the implants. The wounds were closed with 3-0 polyglactin 910 sutures for subcutaneous tissues and 2-0 nylon sutures for skin.
CT and mCT imaging
The animals were anesthetized and placed in ventral recumbency on the GE LightSpeed 16 Slice CT scanner (GE Medical Systems). The scans (0.625-mm resolution; 120 kV) were conducted on all animals at 2 months before surgery, immediately, and at 6 weeks, 3 months, and 6 months after surgery. mCT imaging (50-mm resolution; 100 kV) of harvested RCUs was done using the GE Explore CT-120 (GE Medical Systems) at an external facility (Cornell University Imaging Facility) in a blinded fashion. Condyle height and bone volume were measured using the Mimics software (Materialise). Quantitation of bone volume and bone volume fraction was conducted by determining the amount of bone in the defect area on the basis of the difference between the CT before and after surgery and the amount of bone removed.
mCT was performed by using a modified protocol (45) , and the samples were scanned at 21-mm isotropic resolution. The bone volume was obtained from the application of a global thresholding technique so that only the mineralized tissue was detected. There was no difficulty in distinguishing the grafted material from the miniplates and screws used for fixation, which appeared in mCT as compact and geometrically defined structures. Spatial resolution of the full voxel model was sufficient for evaluating the microarchitecture of the bone tissue.
Mechanical testing
A simple three-point bending mechanical test was used to assess structural rigidity of the ramus (fig. S11 ). Samples were cut along dorsal plane into about 1 cm wide (ventral-dorsal) and 3 cm long (cranialcaudal). Two 1-cm sections were cut and tested for each animal sacrificed at 3 months and for condylectomy group, and one 1-cm section was cut and tested for other animals. Soft tissue was removed to expose the hard tissue structure. The samples were placed on two supports that were 25 mm apart. An actuator applied a load in the exact middle of the two supports onto the samples. Preload of 25 g was applied for 900 s before the test. The samples were subjected to a 300-mm displacement at a loading rate of 3 mm/s and then held in place for 1800 s. Force was measured throughout the period of loading. Peak force and equilibrium force were determined as the maximum force and the force at the end point of the testing. The flexural modulus (E) was calculated from the force measured and the geometry of the sample:
where F is force, l is the distance between two supports, y is the displacement, and I is the overall second moment of area, which was calculated using a solid rectangular beam model:
where w and h are width and height of the samples, respectively.
Statistical analysis
Statistical analysis was conducted using GraphPad Prism software (GraphPad Software Inc.). Statistical analysis of graft cellularity was carried out by one-way ANOVA nonparametric test and Tukey's comparison posttest to compare means. Statistical analysis of gene expression was carried out by the one-sample t test with hypothetical value of 1. Statistical analyses of the bone volume, bone volume fraction, condyle height, and mechanical properties were carried out by two-way ANOVA and Bonferroni post hoc tests to compare the means. Data were calculated as the means ± SD. Statistical analyses of image quantitation were carried out by Student's t test. P < 0.05 was considered significant. The box plots were constructed to represent median, first quartile, and third quartile, with error bars indicating maximum and minimum values; if outliers are present, they are shown as dots above or below. Histograms are means ± 1 SD. Dot plots are individual animals with lines to represent the means ± 1 SD.
SUPPLEMENTARY MATERIALS
www.sciencetranslationalmedicine.org/cgi/content/full/8/343/343ra83/DC1 Methods Fig. S1 . Structural comparison of tissue-engineered graft and native explant. Fig. S2 . Regeneration of RCU. Fig. S3 . High-resolution Movat's pentachrome stain of the ramus in the condylectomy group at 6 months. Fig. S4 . High-resolution Movat's pentachrome stain of the ramus in the acellular scaffold group. Fig. S5 . High-resolution Movat's pentachrome stain of the ramus in the tissue-engineered bone group. Fig. S6 . Condyle regeneration (posterior view and histologies). Fig. S7 . High-resolution Movat's pentachrome stain of the condyle in the condylectomy group at 6 months. Fig. S8 . High-resolution Movat's pentachrome stain of the ramus in the acellular scaffold group. Fig. S9 . High-resolution Movat's pentachrome stain of the ramus in the tissue-engineered bone group. Fig. S10 . Ossification patterns in the condyle after tissue-engineered bone regeneration. Fig. S11 . Experimental setup for the three-point bending mechanical testing. Table S1 . Porcine real-time polymerase chain reaction (RT-PCR) primers. Movie S1. Assembly of bioreactor. Movie S2. Finite element modeling of oxygen concentration.
